Adaptive changes in the genome of a locally predominant clinical isolate of the multidrugresistant Klebsiella pneumoniae ST258 (KP35) were identified and help to explain the selection of this strain as a successful pulmonary pathogen. The acquisition of 4 new ortholog groups, including an arginine transporter, enabled KP35 to outcompete related ST258 strains lacking these genes. KP35 infection elicited a monocytic response, dominated by Ly6C hi monocytic myeloid-derived suppressor cells that lacked phagocytic capabilities, expressed IL-10, arginase, and antiinflammatory surface markers. In comparison with other K. pneumoniae strains, KP35 induced global changes in the phagocytic response identified with proteomics, including evasion of Ca 2+ and calpain activation necessary for phagocytic killing, confirmed in functional studies with neutrophils. This comprehensive analysis of an ST258 K. pneumoniae isolate reveals ongoing genetic adaptation to host microenvironments and innate immune clearance mechanisms that complements its repertoire of antimicrobial resistance genes and facilitates persistence in the lung.
Introduction
Carbapenem-resistant Klebsiella pneumoniae (CRKP) sequence type 258 (ST258) is a major cause of health care-associated infections worldwide (1, 2) such as ventilator-associated pneumonia and catheter-related blood stream infections. These are major complications in the critically ill, prolonging length of stay, incurring additional medical costs, and leading to death in the majority of cases (3, 4) . ST258 is the most common sequence type of CRKP in the United States, accounting for 70% of cases in the national repository (5) . These bacteria readily undergo recombination events and have highly variable plasmid content, antimicrobial resistance patterns, and capsular composition (6) . CRKP ST258 consists of at least 2 distinct clades, suggesting the active selection of evolutionarily advantageous isolates (7), unlikely to be attributed to their antibiotic resistance alone.
In parallel with their adaptation to antimicrobial exposure, these opportunists have evolved mechanisms to evade host innate immune clearance. Although K. pneumoniae is typically considered as a single entity, even among the ST258 strains very different patterns of infection are elicited in model systems (8) . Despite associated mortality rates of up to 50%, the CRKP strains isolated from recent outbreaks appear to be less virulent in model systems than the prototypical K. pneumoniae serotype 2 reference strain ATCC 43816 (KPPR1) (9) . In contrast with other opportunists such as Pseudomonas aeruginosa, CRKP expresses few toxins. It is relatively resistant to neutrophil-mediated clearance (10) , but instead is phagocytosed primarily by inflammatory monocytes (11) . This is in contrast with the better-studied and much more virulent KPPR1 strain, which is eradicated through IL-17 signaling and neutrophil recruitment (11) (12) (13) .
The importance of monocyte populations in the effective host response to K. pneumoniae infection has been well recognized (8, 14) . However, monocyte classification is not entirely straightforward because of the heterogeneity and plasticity of these cells in response to cytokines in the microenvironment.
Adaptive changes in the genome of a locally predominant clinical isolate of the multidrugresistant Klebsiella pneumoniae ST258 (KP35) were identified and help to explain the selection of this strain as a successful pulmonary pathogen. The acquisition of 4 new ortholog groups, including an arginine transporter, enabled KP35 to outcompete related ST258 strains lacking these genes. KP35 infection elicited a monocytic response, dominated by Ly6C hi monocytic myeloidderived suppressor cells that lacked phagocytic capabilities, expressed IL-10, arginase, and antiinflammatory surface markers. In comparison with other K. pneumoniae strains, KP35 induced global changes in the phagocytic response identified with proteomics, including evasion of Ca 2+ and calpain activation necessary for phagocytic killing, confirmed in functional studies with neutrophils. This comprehensive analysis of an ST258 K. pneumoniae isolate reveals ongoing genetic adaptation to host microenvironments and innate immune clearance mechanisms that complements its repertoire of antimicrobial resistance genes and facilitates persistence in the lung.
Monocytes adopt an immunosuppressive phenotype, the so-called monocytic myeloid-derived suppressor cells (M-MDSCs) in the context of high levels of GM-CSF, IL-6, CCL2, and other cytokines (15, 16) . These monocytes promote expansion of Treg populations, contribute to the resolution of infection to prevent ongoing tissue damage, and provide an immunotolerant cytokine milieu.
In the experiments detailed in this report, we postulated that a locally predominant clone of ST258, isolate 35 (KP35), has actively adapted to the milieu of the human airway. KP35 has acquired 4 new ortholog groups (OGs), including an arginine transporter that enhances the ability of the organisms to persist in the lung. Its adaptation included the recruitment of an immunosuppressive M-MDSC population to the airway, lacking phagocytic capabilities themselves and suppressing the proinflammatory cytokine responses needed for bacterial clearance. Our data suggest that the acquisition of phenotypically silent but immunologically significant mutations as well as antimicrobial resistance genes are a major factor in the success of CRKP.
Results
Characteristics of human colonization and murine modeling of CRKP infection. Clinically significant infections with CRKP are typically identified in patients who have been exposed to multiple antimicrobial agents and often have significant underlying diseases (1). This is illustrated by the phenotypically heterogeneous K. pneumoniae strains that were isolated repeatedly from the airway and blood over a 3-month period of a nonneutropenic mechanically ventilated patient ( Figure 1A ). We used a murine model of pulmonary infection to characterize the innate immune response to ST258 isolate 35 (KP35), a CRKP isolate representative of many strains recovered from our hospital, expressing the most common cps (capsular protein) and wzi (cps component) genotypes (1) . Following intranasal delivery of a high inoculum (10 8 CFU) to WT C57BL/6J mice, greater than 10 4 CFU/ml were isolated from the lungs and airways, accompanied by high-grade bacteremia and weight loss over the 96-hour course of infection ( Figure 1 , B and C). Persistence of bacterial burden was evident with greater than 10 4 CFU/ml present in the bronchoalveolar lavage fluid (BALF) at 7 days of infection ( Figure 1D ). KP35 caused diffuse bronchopneumonia, with peribronchial consolidation and collagen deposition (Figure 1 , E-G). This response differed from that evoked by the KPPR1 strain, which caused lethality at a much lower inoculum (17, 18) (Supplemental Figure 1 , A and B; supplemental material available online with this article; doi:10.1172/jci.insight.89704DS1), or even a recent ST258 isolate that was much more readily cleared in a pneumonia model (8) .
KP35 induces a biphasic cytokine response. To better understand how KP35 was able to persist in the airway, we quantified cytokine production over the course of infection. There was an initial induction of proinflammatory cytokines in response to intranasal inoculation with 10 8 CFU of KP35 with high levels of TNF and KC/CXCL1 expression in bronchoalveolar lavage fluid (BALF) by 4 hours, and IL-6 and IL-1β by 24 hours (Figure 2, A-D) . However, production of these proinflammatory cytokines was quickly attenuated. Expression of the granulocyte cytokines and chemokines GM-CSF, G-CSF, MIP-1α/CCL3, and IL-17, high initially, also waned ( Figure 2 , E-H). At 48 hours, a second wave of cytokine expression ensued, consisting of substantial amounts of CCL2, IL-10, VEGF, and M-CSF (Figure 2 , I-L). Induction of cytokines known to be critical in KPPR1 clearance such as IFN-γ and IL-12(p70) (19, 20) were elevated only after 96 hours of infection (Supplemental Figure 1C) . The early cytokine response to KP35 infection differed substantially from that elicited by the opportunistic gram-negative pathogen P. aeruginosa at a lower inoculum (10 7 CFU), which induced greater than 50-fold increases in expression of TNF, KC, and IL-6 at 24 hours, whereas KP35 evoked antiinflammatory cytokines such as IL-1ra, TIMP-1, and IL-10 (Supplemental Figure 1D) .
Recruitment of monocytes in response to KP35. Given the importance of macrophages and monocytes in K. pneumoniae pathogenesis, we characterized these populations in the KP35-infected lung and airways (Supplemental Figure 2D ). In contrast with the important role resident alveolar macrophages play in the clearance of KPPR1 infection (21) , clodronate depletion of these macrophages did not alter clearance of KP35 from the lung (Supplemental Figure 3 , A-C). They were replaced by 48 hours with a 2-log increase in the so- Figure 2D ). These M-MDSCs are recruited by monocyte chemokines, proliferate locally, and contribute to an antiinflammatory milieu, best characterized in models of tumor growth (15 (Figure 3 , B and C and Supplemental Figure 2D ). Coincident with the influx of M-MDSCs we noted the abrupt suppression of STAT-1 signaling, a transcription factor that is usually critical in acute bacterial infection (22, 23) . STAT-3 signaling, important for M-MDSC proliferation (24) , was also induced following infection and was more sustained than STAT1 (Supplemental Figure 4 above the basal levels. However, they did have increased CD200R and CD206 at 48 hours after infection, surface markers associated with immunosuppressive phenotypes ( Figure 3D and Supplemental Figure 2E ). One explanation for the failure to activate monocytes could be the lack of KP35 immunogenicity, perhaps caused by changes in LPS or capsular polysaccharides.
However, KP35 readily induced TNF production in bone marrow-derived macrophages (BMDMs) in a TLR4-dependent manner comparable with an E. coli LPS control, indicating that the monocyte response was not due to the inability of KP35 to activate canonical TLR4 signaling pathways ( Figure  3E ). Instead, it appeared more likely that KP35 was inducing an immunosuppressive response from the M-MDSC population. To assess the contribution of the MDSC cytokine production to the immunostimulatory milieu of the KP35-infected airways, we measured gene expression of the Ly6C + leukocyte population harvested directly from the KP35-infected mice as compared with that elicited by E. coli LPS ( Figure 3F and Supplemental Figure 5A ). As expected, there was substantially less KC and TNF expression in Ly6C + cells harvested from BALF of KP35-infected mice than that induced by E. coli LPS. In contrast, significantly increased expression of arginase-1, iNOS, CCL2, IL-10, SOCS3, and Retnla (Fzz1) were quantified ( Figure 3F ), genes that are highly expressed by M-MDSCs. Despite lower absolute numbers of M-MDSCs in the infected airways, their cytokine products appear to determine the predominant immune response to KP35 infection.
KP35 is resistant to phagocytic killing by M-MDSCs. Inflammatory monocytes have been found to be important in the clearance of K. pneumoniae pulmonary infections (8) . To assess the participation of the M-MDSC population in KP35 clearance, killing assays were performed in vitro using polarized M-MDSClike monocytes from WT murine BM. BM-derived MDSCs (BM/MDSCs) did not kill either KPPR1 or KP35 ( Figure 4, A and B) . This was in contrast with freshly harvested murine neutrophils, which killed greater than 99% of the KPPR1 inoculum within 30 minutes (Figure 4 , C and D). Neutrophils had limited ability to kill KP35, as has been observed for other ST258 isolates (10) . Moreover, KP35 and KPPR1 stimulated BM/MDSC products, which included expected surface markers and cytokines of M-MDSCs (Supplemental Figure 5 , B-F), and actually suppressed the ability of murine neutrophils to kill KPPR1 ( Figure 4 , E and F). Thus, the M-MDSC population recruited in response to KP35 appears to impair bacterial clearance by failing to participate in phagocytic killing themselves and by producing cytokines that function to suppress neutrophil-mediated clearance.
To directly assess the importance of the M-MDSC population in blocking KP35 eradication, we attempted numerous selective depletion strategies, based upon work done in oncology to remove these cells and their inhibitory effects on immune-mediated tumor lysis (25) (Supplemental Figure 6 ). Using anti-CCR2 and/or anti-TNFR2 to block accumulation of M-MDSCs (8, 26, 27) , we were unable to selectively deplete M-MDSCs without also affecting the G-MDSC/neutrophil populations.
KP35 induces global changes in the phagocytic response. Our data suggest that the typical proinflammatory immune signaling elicited by K. pneumoniae strains such as KPPR1 was not effective in the clearance of 8 to 2 × 10 8 CFU in WT mice over the course of a 4-day infection was quantified by multiplex assay. *P < 0.05, compared with uninfected (un) control, Kruskal-Wallis test, 1-way ANOVA, Dunn's correction for multiple comparisons. All data were compiled from 2 independent experiments, n = 6 per time point. For data presented as box-andwhiskers plots, horizontal lines indicate the median, boxes indicate 25th to 75th percentiles, and whiskers indicate minimum and maximum values of the data set.
KP35. To better appreciate the host response to KP35, a proteomic analysis of BALF harvested from KP35-and KPPR1-infected mice was performed. Pooled BALF recovered from KPPR1-infected (10 5 CFU) and KP35-infected (10 8 CFU) mice after 48 hours was analyzed to highlight differences in the host response. At this time point, mice were alive and equivalent inocula were recovered (10 6 CFU). Both organisms activated infection-associated signaling pathways, acute-phase reactants, complement components, and proteins involved in inflammatory signaling ( Figure 5A and Supplemental Table 5 ). Major differences were observed primarily in pathways important for chemotaxis and phagocytosis. Most striking were increases in components of actin cytoskeletal dynamics induced by KP35 ( Figure 5B ). Also prominently upregulated by KP35 were the Ca 2+ -binding proteins S100A9 (calprotectin) (51.68-fold) and thrombospondin (91.5-fold) ( Figure  5C ). S100A9 functions in Ca 2+ sensing and cytoskeletal rearrangements during neutrophil transendothelial migration (28) and is a potent MDSC chemoattractant (29) . Thrombospondin is involved in actin-based cellular dynamics important in inhibiting neutrophil function (30, 31) . Proteins involved in calpain activation, a Ca 2+ -dependent protease critical for phagocytosis (32) , were suppressed to a much greater degree by KP35, consistent with the finding that this strain is resistant to phagocytic killing ( Figure 5D ). The proteomic data were confirmed with functional assays. The importance of calpain activity in phagocytic killing was illustrated by the effects of the calpain inhibitor calpeptin (CPEP) (32) , which increased KPPR1 survival from 8.1% to 43.6% and enhanced KP35 proliferation in the presence of viable neutrophils ( Figure 5E ). We compared the ability of KPPR1 and KP35 to activate Ca 2+ fluxes in Fluo-4/ AM-loaded murine neutrophils and found a significant diminution in Ca 2+ fluxes evoked by KP35 as compared with KPPR1 ( Figure 5F and Supplemental Video 1, A-C). These results suggest that the adaptation of KP35 to the human airway includes mechanisms to suppress the Ca 2+ -dependent signaling in neutrophils necessary for phagocytic killing. The host responds by increased expression of the many components of the phagocytic process, but with limited efficacy.
Acquisition of unique OGs contribute to KP35 predominance. We sought to identify the genetic basis for the altered behavior of the KP35 isolate by comparing the whole-genome sequence of KP35 with the published genomes of 2 other ST258 K. pneumoniae strains (7) as well as KPPR1 (33) (Figure 6A and Supplemental Table 1 ). KP35 was closely related to the other ST258 strains but harbored 4 unique OGs including arcD, a component of the arginine deaminase pathway (Supplemental Table 2 ), which is important in arginine transport. There were 150 OGs shared by both the KP35 and NJST258-1 strains but absent in KPPR1 ( Figure 6B) . Notably, 26 of these 150 OGs were proteinases, and another 51 OGs consisted of functional proteins related to metabolism, motility, restriction-modification systems, or antimicrobial resistance (Supplemental Table 3 ). KP35 lacks 18 OGs present in the NJST258-1 strain that include genes potentially involved in stimulating host defenses such as a fimbrial component, an endochitinase, and a component of selenium reductase (Supplemental Table 4 ). A maximum likelihood (ML) phylogenetic tree illustrates additional divergence of the KP35 core genome, even from recently sequenced ST258 clinical isolates from a geographically contiguous site (i.e., New Jersey) ( Figure 6C ).
The acquisition of arcD was of interest since BLASTP analysis indicated that the 332-amino acid ArcD protein is also present in K. pneumoniae strains previously associated with clinical outbreaks, including the geographically diverse UHKPC4, UHKPC23, MGH45, and BIDMC 18C strains. Nearly half (32/69, 46%) of the CRKP within clonal complex 258 from our institution were arcD positive, also present in isolates from the 2012-13 CRKP cluster at the NIH (34). Functionally, enhanced ability to transport arginine in the setting of an arginine-deficient environment, a consequence of the arginase-producing M-MDSCs, might provide , n = 9. **P < 0.05 compared with KPPR1 infection with KPPR1 or KP35 infected SUP. There was no change in cell viability over time (B, D, and F). Graphs are compiled from 2 (A-D) or 3 independent experiments (E and F). For all graphs, each data point is the mean value ± SEM. *P < 0.05 by 2-way ANOVA. For all analyses, Bonferroni's correction for multiple comparisons was performed.
increased fitness for KP35 and promote its selection from the mixed population found in the lung (35) .
To test this hypothesis we identified a ST258 strain, NR1155, closely related to KP35 but lacking arcD, as well as the other 3 potentially new OGs found in KP35. In addition to these 4 OGs, KP35 and NR1155 differ by a number of additional features. These include 352 SNPs (including 77 nonsynonymous and 1 premature stop codon) as well as a larger repertoire of resistance genes in NR1155, which harbors several β-lactamases (CTX-M-15, OXA-1, OXA-9, and TEM-191), tetracycline resistance-conferring tetA and tetR, and KPC-2 rather than KPC-3 in KP35. A competitive index experiment was performed to determine if KP35 has a fitness advantage over NR1155 (Figure 7 ). Mice were inoculated with the same total inoculum of NR1155, but with a 1:10 ratio of NR1155/KP35 (total inoculum of 10 8 CFU/mouse) or at a 1:1 ratio with a total inoculum of 10 7 CFU/mouse. Bacterial CFU were quantified over the course of a 4-day infection. Under both conditions, KP35 outcompeted NR1155 in most of the tissues sampled, once beyond the initial infection (Figure 7, A and B) . The median proportion of NR1155 in the total inoculum measured at each time point was significantly lower than the baseline (or initial proportion) in all tissues analyzed for both inoculum ratios (P < 0.01, using chi-squared test for trend) (Figure 7, C and D) . Of note, mice were inoculated with an equivalent amount of NR1155 (10 7 CFU) in both conditions, but mice with a lower inoculum of KP35 (10 7 CFU) lost more weight than those that received the higher dose (10 8 CFU), supporting our observation that KP35 dampens the proinflammatory consequences of infection ( Figure 7E ). These experiments are consistent with the hypothesis that the acquisition of novel genes by this genetically flexible organism contributes to its fitness and persistence. 
Discussion
K. pneumoniae is a common cause of serious infection, increasing in prevalence in health care-associated settings (1), and also spreading into the community (36) . As a consequence of tremendous genetic flexibility and adaptation to antimicrobial and immune pressures, CRKP has become a major public health problem. The accumulating literature suggest that K. pneumoniae, even the ST258 clones, is not a homogeneous group but may differentially express major groups of genes that affect pathogenesis. The relationship between virulence and pathogenicity of bacterial infection is complex, with the majority of the outcome determined by the susceptibility of the host (37). We determined that KP35 was less virulent based on the severely dampened inflammatory response early in infection and the persistence of what we believe to be a high bacterial burden, with 10 4 CFU/ml in the BALF at 4 and 7 days of infection. However, this does not mean these opportunists are not pathogenic, as chronic colonization and persistence not only selects for more fit organisms, as we demonstrate, but also increases the potential for invasive infection and further development of antimicrobial resistance, particularly in vulnerable patient populations. The emergence of KP35 as a predominant isolate from among the ST258 strains suggests that ongoing adaptation of K. pneumoniae to innate immunity promotes enhanced fitness independently of the presence of antimicrobial selective pressure.
Recent analyses of several K. pneumoniae isolates, including ST258 strains, demonstrate the importance of proinflammatory signaling in bacterial clearance. The role of TNF-induced ILC3 production of IL-17A in monocyte-mediated eradication of infection was recently demonstrated (11) . IL-17 and TNF were also shown to be critical in the host response to the KPPR1 strains, more virulent strains associated with pathological activation of inflammation (12, 13, 38 ). KP35 isolates also cause a brisk proinflammatory response early in infection, as evidenced by the acute cellular and cytokine influx into the infected airway within (A and B) A competitive index experiment was performed with NR1155, a closely related isolate to KP35, missing the 4 KP35 special ortholog groups including arcD but harboring the tetracycline resistance genes tetA and tetR. Mice were inoculated intranasally with 10 8 CFU at a 1:10 ratio of NR1155/KP35 or 10 7 CFU at a 1:1 ratio and bacterial CFU were quantified. (C and D) Ratio of the tetracycline-resistant isolate NR1155 to the total quantified bacterial load was determined by serial dilution. ## = baseline inoculum. Total CFU recovered from different tissues. NR, NR1155 grown on tetracycline-impregnated LB plates; TOT, total CFU enumerated on LB-alone plates. # = the lower limit of detection. Each data point represents a mouse and the horizontal line is the median. The median proportion of NR1155 in the total inoculum measured at each time point was significantly lower than the baseline (or initial proportion) in all tissues analyzed for both inoculum ratios. P < 0.01, using chi-squared test for trend. (E) Weight loss of the mice over the course of a 4-day infection. *P < 0.05, 2-way ANOVA with Bonferroni's correction for multiple comparisons the first 24 hours of infection. However, in contrast with KPPR1 infection, proinflammatory signaling is rapidly suppressed, as evidenced by the attenuation of STAT1 activation, change in cytokine profiles in the BALF, and relatively limited clearance of the infecting organisms.
Our data suggest that this shift in immune signaling is due to the dominance of the immunosuppressive M-MDSCs in the response to KP35, monocytes well known to prevent effective immune clearance of tumors (25) . Proteomic data and functional assays further illustrated the profound effects of the M-MDSC population in decreasing phagocytic efficiency without participating in clearance themselves. The importance of monocytes in the clearance of K. pneumoniae from the lung has been well recognized (14, 22) . Exactly why these strains of K. pneumoniae preferentially recruit a monocytic response remains unclear. However, once recruited into the airway the autostimulatory effects of these Ly6C + monocytes and their robust production of monocyte chemokines enables them to dominate the milieu of the K. pneumoniaeinfected lung. This, in turn, drives the selection for organisms that can persist alongside them. Unlike inflammatory monocytes that have phagocytic capabilities, our results suggest that the Ly6C hi population poses no threat to KP35 and that the presence of the immunosuppressive M-MDSCs undoubtedly contributes to KP35 emergence as a pulmonary pathogen.
Whole-genome sequencing indicated the acquisition of several genes during the evolution of the KP35 genome from previously studied ST258 strains. The presence of the arginine transporter arcD is most consistent with its selection in the setting of the arginase-producing MDSCs. Selective metabolic advantage is provided by arcD in the evolution of P. aeruginosa in the cystic fibrosis lung (39, 40) as well as in Streptococcus spp. infections (41, 42) . To rigorously test the role of arcD in the pathogenesis of pneumonia, the construction of an arcD mutant would be optimal. However, the technical challenges of acquired antimicrobial resistance in the ST258 background forced us to compare the fitness of KP35 with the close relative NR1155, which lacks arcD as well as the 3 other OGs found in KP35. As these genes are not contiguous on the chromosome, it is difficult to predict if all contribute significantly to ST258 adaptation to the lung and to M-MDSCs specifically. Nonetheless, competitive index experiments highlighted the significant advantage that KP35 has gained with the acquisition of 4 unique OGs not found in NR1155, but did not pinpoint arcD as the sole cause.
Resistance to neutrophil-mediated killing was also an important property of KP35, along with other ST258 isolates, and perhaps is a reason for the abundant monocyte response to infection. Kobayashi et al. suggested that the limited phagocytic killing of ST258 isolates of K. pneumoniae was due to impairment in cellular uptake (10), though not eliminating the possibility that neutrophils are preventing bacterial replication or failing to die after infection. We conclude similarly that neutrophils are ineffective in bacterial eradication, though playing some role in bacterial clearance as their selective depletion leads to increased bacterial burden (Supplemental Figure 6C) , consistent with previous reports (8) . Our data suggest that there are elements of frustrated phagocytosis in the host-pathogen interaction, as markedly increased amounts of cytoskeletal proteins are released into the BALF of infected mice, at a time when the organisms are not being efficiently cleared from the airways. KP35 differs significantly from previously sequenced strains that readily activate Ca 2+ signaling, required for calpain activation and phagocytic uptake. KP35 completely failed to induce Ca 2+ fluxes in immune cells, and numerous Ca
2+
-dependent substrates such as the S100A9 proteins and thrombospondin were significantly upregulated in KP35 infection. Although the mechanism underlying this disruption of Ca 2+ signaling remains to be established, this adaptation clearly facilitates avoidance of host immune cell clearance.
This analysis of a locally predominant clone of the globally disseminated K. pneumoniae ST258 highlights the tremendous adaptability of this pathogen and the challenges in designing effective microbial eradication strategies. In contrast with some airway pathogens that reliably activate an excessive proinflammatory response in the setting of acute infection (43) , it would be difficult to predict what host signaling will be activated by any given K. pneumoniae isolate. As suggested in Figure 1 , even from a single patient, there is ongoing bacterial adaptation readily detected through the changing patterns of antimicrobial resistance and likely paralleled with the acquisition of phenotypically silent genes that thwart innate immune clearance. The difficulty in predicting the overall immune milieu within the infected airway is similar to that observed in sepsis, in which it is often critical but impossible to establish if there is too much, too little, or sufficient inflammation to effectively eradicate infection (44) .
At least for the KP35 ST258 strain, our results suggest that the failure of the host to eradicate this organism is due to the early predominance of immunosuppressive M-MDSCs that terminate the proinflammatory signaling required for K. pneumoniae clearance and the dynamic adaptation of the infecting organisms to those cells. A comprehensive analysis of the unique characteristics of the evoked immune response to a specific pathogen and genomic analysis of the pathogen itself could become important tools in defining mechanisms that promote persistence of such adaptable pathogens within the lung.
Methods

Study isolates and chart review
We selected the representative clinical isolate KP35 from a patient with bacteremia for comprehensive study (1) . It was chosen because it is a common isolate recovered in our institution and it expresses the most common cps and wzi genotypes. Antibiogram data were assembled from a retrospective chart review of a representative patient, under protocol AAAL1023, approved by the Institutional Review Board of the Columbia University Medical Center. Antibiotic susceptibility testing was performed according to routine microbiology laboratory protocols using the Vitek 2 automated system, with additional E-testing as needed (bioMérieux). Susceptibility breakpoints were derived from Clinical and Laboratory Standards Institute guidelines (45) . Clinical isolate NR1155 was selected from our repository after whole-genome sequencing owing to its lack of the 4 unique OGs of KP35 and its resistance to tetracycline.
Cell lines and bacterial strains
Immortalized BMDMs (WT, Tlr4 -/-, and Trif -/-) (Generously provided by K. Fitzgerald at the University of Massachusetts Medical School, Worcester, Massachusetts, USA) were grown at 37°C with 5% CO 2 in RPMI (Corning) with 10% heat-inactivated FBS (Gibco). Purified E. coli LPS (Sigma-Aldrich) was used at the indicated concentrations. KP35 and NR1155 as well as K. pneumoniae ATCC 43816 (KPPR1) and P. aeruginosa (PAK) were grown in LB and resuspended in PBS for in vivo infections or respective cell culture media for in vitro assays. The concentration of bacteria for any given assay was enumerated after serial dilution and plating on enriched agar. To quantify cell culture supernatant protein levels, a mouse TNF ELISA was used (Biolegend).
Mouse studies
In vivo experiments were performed using 8-week-old, male C57BL/6J mice (Jackson Laboratories). Mice were anesthetized with 100 mg/kg ketamine and 5 mg/kg xylazine given i.p. and infected intranasally with KP35 (10 8 CFU in 50 μl of PBS). For the competitive index experiment, mice were inoculated intranasally with 10 8 CFU at a 1:10 ratio of NR1155/KP35 or 10 7 CFU at a 1:1 ratio. Bacterial load of each compartment was quantified by serial dilutions on enriched agar. Animal experiments were performed in accordance with the guidelines of the IACUC at Columbia University (protocol number AAAG9307) or the Bioethics and Biosafety Committee of the Pontificia Universidad Católica de Chile (CEC 150721005).
Histopathology and whole-lung imaging
Whole mouse lung was fixed with 4% paraformaldehyde for 24 hours, 70% ethanol for 24 hours, and then prepared in paraffin blocks. H&E or trichrome staining was performed on 5-mm sections for gross pathology. Euthanized mice were imaged using a Quantum FX system, a stand-alone micro CT at the Small Animal Imaging Shared Resource of the Herbert Irving Comprehensive Cancer Center at Columbia University. Image collection, processing, and analysis for this work were performed at this shared resource.
BALF assays
BALF was obtained by instilling aliquots of sterile PBS with calcium and magnesium into a cannulated trachea. Serial dilutions for bacterial enumeration were performed on the BALF prior to centrifuging. The supernatant of the first ml of BALF was set aside for cytokine array, a 31-plex mouse discovery assay from Eve Technologies. For comparison of KP35 and PAK infection, cytokines were measure from pooled BALF using a semiquantitative cytokine array (R&D Systems). The total cellular content was set aside for flow cytometry (FC).
Analysis of immune cell populations
To further delineate immune cell populations, analysis of cell populations in BALF or single-cell suspensions of lung homogenate was conducted using multicolor FC on a BD LSR II. Cells were labeled with a combi-nation of PerCP-Cy5.5-labelled anti-CD11c (N418; Biolegend), fluorescein (FITC)-labeled anti-MARCO (MCA1849FT; Bio-Rad), PE-Cy7-labeled anti-F4/80 (BM8; Biolegend), phycoerythrin (PE)-CF594-labeled anti-Ly6C (AL-21; BD Biosciences), PE-labeled anti-CD200R (PK136; eBioscience), BV421-labeled anti-CD86 (GL-1; Biolegend), BV510-labeled anti-CD11b (M1/70; Biolegend), BV605-labeled anti-Ly6G (1A8; BD Biosciences), BV650-labeled anti-CD206/MMR (C068C2; Biolegend), APC-Cy7-labeled anti-MHCII (M5/114.15.2, Biolegend), AF700-labeled anti-CD45 (30-F11; Biolegend), and AF647-labeled anti-Siglec F (E50-2440; BD Biosciences). LIVE/DEAD Fixable Dead Cell Stain Kits, blue fluorescent dye (Molecular Probes), and Fc block (anti-mouse CD16/32) (93; Biolegend) was added to each sample.
Uniform dyed microspheres (Bangs Laboratories) were added to calculate the concentration of cellular components. All FC data were analyzed on FlowJo (ver 10.0.8). Research reported in this publication was performed in the CCTI Flow Cytometry Core, supported in part by the Office of the Director, National Institutes of Health. The content is solely the responsibility of the authors and does not necessarily represent the official views of the National Institutes of Health.
Ly6C
+ cell population isolation and qRT-PCR WT mice were infected intranasally with 10 8 CFU of KP35 in 50 μl of PBS, 50 μg E. coli LPS (1 mg/ml), or 50
μl PBS for 48 hours. BM cells from 1 femur were flushed with 1 ml of PBS and cells from BALF (as described above) were isolated from these mice. After RBC lysis, cells were incubated with Ly6C + -PE followed by PEmagnetic beads and isolated through positive selection (Miltenyi Biotec). Isolation purity was confirmed with FC (Supplemental Figure 5A) . RNA was first isolated from these cells using an E.Z.N.A Total RNA Kit I (Omega bio-tek), transcribed to cDNA using a High Capacity cDNA Reverse Transcription Kit (Applied Biosystems), and finally qRT-PCR was performed using relevant primers and Power SYBR Green PCR Master Mix (Applied Biosystems) on a StepOnePlus Real-time PCR System (Applied Biosystems), using StepOne Software (Ver 2. 
BM/MDSC differentiation and infection
BM/MDSCs were differentiated as previously described (46), with some modifications. Briefly, 5 × 10 6 BM cells were seeded into 100-mm dishes in 10 ml of RPMI 1640 containing 2 mM L-glutamine, 10 mM HEPES, 20 μM 2-ME, 1% streptomycin/penicillin, and 10% heat-inactivated FBS supplemented with GM-CSF (40 ng/ml) and G-CSF (40 ng/ml) (Peprotech). Cells were maintained at 37°C and 5% CO 2 for 5 days. On day 5, cells were washed twice and resuspended in RPMI 1640 plus 10% FBS. To evaluate the bactericidal capacity of the BM/MDSCs, 1 × 10 5 cells were seeded into 96-well plates and stimulated with 1 × 10 5 CFU (MOI of 1) of opsonized KPPR1 or KP35 for 0, 1, 2 ,and 4 hours at 37°C with 5% CO 2 . Cell viability was measured by counting total cell number in a conventional hemocytometer with trypan exclusion, whereas bacterial viability was measured by serial dilutions plated after cell lysis with 1% saponin.
Neutrophil isolation and bacterial killing assay
Neutrophils were isolated from BM cells by density gradient centrifugation as previously described (47) . Briefly, BM cells were overlaid on a Histopaque 1119 and Histopaque 1077 gradient and centrifuged for 30 minutes at 720 g and at room temperature without brake; neutrophils were collected at the interface between the 2 layers, counted, and resuspended in HBSS containing Ca 2+ and Mg 2+ and supplemented with 0.1% gelatin. To evaluate bacterial killing capacity, neutrophils were incubated with opsonized KPPR1 or KP35 (MOI of 1) for 0, 30, 60, 90, and 120 minutes with slow rotation at 37°C. After each time point, the reaction was stopped at 4°C and the total viable cells were counted in a conventional hemocytometer with trypan exclusion. Bacterial viability was determined by serial dilutions after lysing the cells with 1% saponin. To evaluate the role of Ca 2+ flux and calpains in the bacterial killing capacity of neutrophils, cells were pretreated with calpeptin (200 μM) 60 minutes prior to infection and bacterial killing capacity was measured after 60 minutes. To evaluate the effect of MDSCs on bacterial killing by neutrophils, filtered (0.2 μm) supernatant of BM/MDSCs untreated or stimulated with KPPR1 or KP35 (MOI of 10) was added to the media at a 1:1 ratio 60 minutes prior to infection and bacterial killing capacity was measured.
Calcium imaging
BM-isolated neutrophils were loaded with AM/Fluo-4 (1 μM) (Invitrogen) with PowerLoad concentrate (1 μM) (Invitrogen) prior to imaging and stimulation. Thapsigargin (10 μM) was added to cell culture media as a positive control. Cells were imaged on an Olympus 1X81 inverted microscope with a GFP mercury laser. Videos were made using MetaMorph software (Ver.7.5.3.0, April, 2008) and images were analyzed using ImageJ software (NIH).
Genome sequencing, assembly, and annotation Whole-genome sequencing was performed on KP35 (1). DNA was extracted using a QIAamp DNA Blood Mini Kit (QIAGEN) following the manufacturer's instructions. Whole-genome sequencing was performed using the HiSeq 2000 sequencer (Illumina). Unique index-tagged libraries were created in order to generate 125-bp paired-end reads. The de novo assembly of the sequencing reads was performed using the Newbler assembly software. The KP35 chromosome was approximately 5.21 Mb in size with a GC ratio of 57.30%. A total of 377,493,250 bp in 301,9946 reads were obtained and then de novo assembled into 123 large contigs. The genome sequencing and contig details are shown in Supplemental Table 1 . A total of 4,984 coding DNA sequences, 70 tRNA-encoding genes, and 1 rRNA locus were detected. Fifty-eight percent (58%) of the genes were assigned to specific subsystem categories by NMPDR RAST.
Comparative genomic analyses and gene ortholog analysis
Predicted genes and their translated protein sequences of KP35 (accession #LRXK000000000) were compared with the reference genome ATCC 43816 KPPR1, NJST258-1, and NJST258-2 (7, 33) , and clustered into OGs by using the OrthoMCL software (48) . The protein sequences of the 2 reference genomes were calculated based on the NCBI annotations. All versus all BLASTP was performed with the default parameter set (an E-value cutoff of 1 × 10 -5 , a percent match cutoff of 50%, and an inflation value of 1.5). Common and unique OGs identified among the genomes were analyzed by using a Venn diagram (49) . Whole-genome alignment was performed by using Mauve (version. 2.3.1) (50), BLAST Ring Image Generator program (BRIG) (51) , and Geneious (Biomatters Ltd., New Zealand). Maximum likelihood phylogenetic tree, based on concatenate core genome SNPs, was performed using RAxML BlackBox (52) . The full genome of NR1155 is assigned accession number SRP082410.
Shotgun proteomics analysis
Mice. C57BL/6J mice were given KPPR1 (10 5 CFU), KP35 (10 8 CFU), or PBS and BALF was harvested 48 hours after inoculation. Equivalent inocula were recovered (10 6 CFU) at this time point despite disparate initial inocula. Proteomic analysis was performed on BALF pooled from 3 mice per experimental condition.
Materials. HPLC-grade buffers, dithiothreitol, acetonitrile (ACN), ammonium bicarbonate, trifluoroacetic acid (TFA), and iodoacetamide were purchased from Thermo Fisher Scientific. Trypsin Gold, mass spectrometry grade, was purchased from Promega. Nanopure water was prepared with use of Milli-Q water purification system (Millipore).
In-solution protein digestion
Proteins were precipitated from 500 μl of BALF using methanol/chloroform and protein concentrations were determined by the Qubit assay according to the manufacture's instructions (Life Technologies). Proteins (50 μg) were reduced, alkylated, and digested with 500 ng Trypsin Gold in 200 μl of 50 mM ammonium bicarbonate at 37°C for 16 hours. After digestion, the peptide mix was centrifuged subsequently for 30 minutes at 16,873 g, and the cleared supernatants were transferred to fresh tubes to be dried and resuspended in 0.1% TFA for subsequent peptide fractionation using the Pierce High pH Reversed-Phase Peptide Fractionation Kit (Thermo Fisher Scientific). Seven peptide fractions were collected and lyophilized for liquid chromatography/tandem mass spectrometry (LC-MS/MS) analysis.
Sample preparation
Proteins from pooled samples of mouse BALF (total volume 500 μl) were precipitated by methanol/chloroform and resuspended in 20 μl of 4 M urea in 50 mM ammonium bicarbonate. Protein concentration in the mouse lavage was determined by the EZQ Protein Quantification Assay (Life Technologies). BALF proteins (2 μg) were digested with 150 ng of trypsin (1:40) along with 2 mM CaCl 2 and incubated at 37°C for 16 hours. Samples were centrifuged for 30 minutes at 16,873 g, and the cleared supernatants were transferred to fresh tubes to be acidified with 90% formic acid (2% final) to stop proteolysis. The soluble peptide mixtures were collected for LC-MS/MS analysis.
LC-MS/MS analysis
The concentrated peptide mix was reconstituted in a solution of 2% ACN, 2% formic acid (FA) for MS analysis. Peptides were loaded with the autosampler directly onto a 2-cm C18 PepMap precolumn and were eluted from the 50 cm × 75 μm ID PepMap RSLC C18, 2-μm column using a Thermo Dionex 3000 with a 98-minute gradient from 2% buffer B to 30% buffer B (100% ACN, 0.1% FA). The gradient was switched from 30% to 85% buffer B over 5 minutes and held constant for 1 minute. Finally, the gradient was changed from 85% buffer B to 98% buffer A (100% water, 0.1% FA) over 2 minutes, and then held constant at 98 % buffer A for 25 more minutes. The application of a 2.0 kV distal voltage electrosprayed the eluting peptides directly into the mass spectrometer equipped with an EASY-Spray source (Thermo Finnigan). Full mass spectra were recorded on the peptides over a 400 to 1500 m/z range at 120,000 resolution, followed by MS/MS CID (collision induced dissociation) events for a total of a 3-second cycle. Charge state-dependent screening was turned off, and peptides with a charge state of 2 to 6 were analyzed. MS-scanning functions and HPLC gradients were controlled by the Xcalibur data system (Thermo Finnigan). Three technical replicates were run for each sample, and MS/MS data from technical replicates were merged for subsequent database searches.
Database searches and interpretation of MS/MS data
MS/MS spectra from raw files were searched against a human protein database using the Proteome Discoverer 1.4 (Thermo Finnigan). The Proteome Discoverer application extracts relevant MS/MS spectra from the .raw file and determines the precursor charge state and the quality of the fragmentation spectrum. The Proteome Discoverer probability-based scoring system rates the relevance of the best matches found by the SEQUEST algorithm (53) . The mouse database was downloaded as FASTA-formatted sequences from Uniprot protein database (database released on December, 2014). The peptide mass search tolerance was set to 10 ppm. A minimum sequence length of 7 amino acids was required. Only fully tryptic peptides were considered. To calculate confidence levels and FDR, Proteome Discoverer generates a decoy database containing reverse sequences of the non-decoy protein database and performs the search against this concatenated database (non-decoy + decoy) (54) . The discriminant score was set at 1% FDR, which was determined based on the number of accepted decoy database peptides to generate protein lists for this study. Spectral counts used to identify each protein were used for expression profiling analysis. Qlucore Omics Explorer (Qlucore AB) was used to perform statistical analysis of quantifiable proteins among biological replicates (t test, P < 0.05). Differentially expressed proteins were analyzed using DAVID (55) .
Ingenuity network analysis
We applied network analysis to a selected protein list from global proteomics expression profiling data using the ingenuity pathway analysis (IPA) algorithm (QIAGEN). Proteins whose expression was changed by heterogeneous nuclear ribonucleoprotein A/B disruption were uploaded into IPA (http://www.ingenuity.com) to examine functional relationships among these proteins based on a database created from previously published peer-reviewed papers found in NCBI PubMed, Medline, and several other databases. Then, IPA associates these selected proteins with biological pathways using the Ingenuity Knowledge Base. Right-tailed Fisher's exact test with the Benjamini-Hochberg multiple correction was used to control for false positives and calculate a P value determining the probability that each biological function and/or disease assigned to that data set is due to chance alone.
Statistics
All statistical analysis was performed using GraphPad Prism Version 6.0c (March 21, 2013) . For most data sets, either a 1-way or 2-way ANOVA was performed with posttest analysis for multiple comparisons as described in the congruent figure legend. For data sets in which only 2 data sets could be compared, a 2-tailed Mann-Whitney test was performed. A P value of < 0.05 was considered significant. For the competitive index experiment, a chi-squared test for trend was used to compare recovered CFU, with P < 0.01 considered significant. Grubb's test was performed on all data sets to remove significant outliers with an α value of 0.05.
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